Abstract In the present work we demonstrate simultaneous acetone planar laser-induced fluorescence (PLIF) and stereoscopic particle imaging velocimetry (sPIV) at 10 kHz. The acetone acts as a tracer to mark the conserved scalar field and the sPIV measurements yield all three components of the turbulent velocity field. The PLIF measurements are facilitated by a High-Energy Pulse-Burst Laser System (HEPBLS), which can generate 266-nm pulse trains for burst durations exceeding 20 ms at 10 kHz with >140 mJ/pulse. The fourth-harmonic output of the HEPBLS is approximately an order of magnitude higher than any previously-reported kHz-rate 266-nm output. The high pulse energies available from the HEPBLS allow preliminary measurements to be performed with low tracer seed levels (4% acetone in the main jet and 0.75% acetone in the co-flow) which significantly reduces absorption effects and facilitates quantitative scalar measurements. sPIV measurements are made with a commercially-available 80-Watt diode-pumped solid-state (DPSS) double-pulsed PIV laser. While PIV measurements are possible using the HEPBLS, an independent laser system is employed for the sPIV measurements to allow for an optimization of the temporal spacing between the PIV double pulses and an accurate temporal placement of the PIV laser pulses in reference to the scalar measurement. Both of these considerations are important when attempting to accurately correlate an inferred velocity field to an instantaneous scalar measurement. The two laser systems are coupled with three high-speed CMOS cameras for simultaneous acquisition of kHz-rate sPIV and PLIF imaging. The diagnostic system is utilized to examine the timedependent coupling between the turbulent velocity field and conserved scalar mixing in non-reacting gas-phase axisymmetric jets over a broad range of Reynolds numbers.
Introduction
The mixing of scalars by a turbulent flow field is an important aspect of fluid mechanics as it underpins a variety of engineering problems and natural processes that have a direct influence on the quality of human life. Some examples include the mixing of pollutants in the atmosphere, fuel/air mixing in combustion chambers, and micro-organism dispersal within the ocean. A particular importance is given to gas-phase mixing as it is a key aspect governing the operational efficiency and emission output for the vast majority of energy-conversion systems. The origins of turbulent scalar mixing theory can be traced back to the work of Obukov and Corrsin, who extended the well-known turbulence cascade hypothesis proposed by Kolmogorov for kinetic energy transfer to describe scalar mixing. Underlying these hypotheses is the assumption that at large Reynolds and Peclet numbers there is isotropy at the smallest scales and an independence from the larger energy-containing scales. If this were the case it would point to a universal nature of dissipative turbulence scales and significantly simplify the problem of both experimentally studying and numerically modeling turbulent flows. Over the past several decades the study of scalar mixing has focused on understanding the organization and statistical nature of the governing processes with detailed examinations of the large-scale coherent structures and the role of the dissipative small-scales [Buch & Dahm,1996; Dahm & Dimotakis 1990; Dahm et al. 1991; Dimotakis & Brown 1976; Pope, 2000; Su & Clemens 2003 ]. Much of this work and more, as detailed by several notable recent reviews [Shraiman & Siggia, 2000; Sreenivasan, 1991; Warhaft, 2000] , points to a lack of isotropy and therefore a lack of the highly desirable universality of turbulence. In this manner, new experimental methods are needed to examine the fundamental processes governing scalar mixing in turbulent flows over a broad range of length and time scales.The majority of the previous experimental work on scalar mixing has utilized two general approaches: (i) single-or two-point measurements with high time resolution and (ii) temporally un-correlated 2-D and 3-D imaging [Dahm & Dimotakis, 1990; Dahm et al., 1991; Dimotakis & Brown, 1976; Su & Clemens, 1999 , 2003 Thurber & Hanson, 2001] . Work of this nature has relied heavily on the use of statistical analysis (e.g., probability density functions and correlation techniques), and has been successful in showing that turbulent mixing is dominated by large-scale coherent structures and not diffusive processes, which dominate in laminar flows [Dahm & Dimotakis, 1990; Dimotakis & Brown, 1976] . As the sophistication of lasers and camera technology has increased, much of the work has shifted from time-resolved point measurements (with the majority of the studies using intrusive physical probes) to temporally un-correlated spatially-resolved measurements (i.e., 2D/3D laser-based imaging) to understand the organizational structure of the turbulent fields. In order to continue to improve our understanding of the multi-scaled physics that lead to complex spatial and temporal coupling between the turbulent velocity and scalar mixing fields, new and unique tools capable of both high spatial and temporal resolution will be required. Direct Numerical Simulation (DNS) is far too demanding computationally for realistic flow conditions. To reduce the cost and make the solution of realistic problems possible, the leading engineering computational technique is Large Eddy Simulation (LES). In LES, large-scale features are calculated directly and all features below a certain length scale ("sub-grid scales", SGS) are modeled [Pope, 2000] . As dissipation occurs predominantly at the smallest length scales, the dissipative scales have to be modeled, which poses difficulties if they are anisotropic and coupled to the larger flow scales. Current LES techniques often suffer from a lack of robustness, where they are accurate only for certain subsets of flows for which they were designed. The inability to design broadly applicable models underscores the need for assessment of the assumptions in current turbulent mixing models. The measurements demonstrated in this paper will ultimately have sufficient resolution and dynamic range to accurately examine the governing spatially complex and time-dependent physical processes that underlie turbulent flow models, allowing for a deeper level of understanding, assessment, and validation. This paper describes an experimental system that allows for simultaneous measurements of the conserved scalar and velocity fields in gas-phase turbulent jets with high spatial resolution at kHz acquisition rates. First, the experimental test facility, laser, and optical systems are described. Subsequently, the two diagnostic methods, planar laser-induced fluorescence (PLIF) and stereoscopic particle imaging velocimetry (sPIV), are described followed by a discussion of our preliminary experimental results. Finally, we conclude with future plans, including methodologies for further increasing our measurement signal-to-noise ratio and accuracy. Previously, we have demonstrated high-speed conserved scalar imaging in gas-phase jets using 10-to 40-kHz-rate planar Rayleigh scattering [Papageorge et al., 2013] with high accuracy and signal-to-noise ratios (SNR) exceeding 200 in the pure jet fluid. These measurements have been used to visualize mixing dynamics and determine large-scale properties including integral times scales of the conserved scalar field over a broad range of Reynolds numbers and spatial positions. In order to gain an improved understanding th International Symposium on Applications of Laser Techniques to Fluid Mechanics Lisbon, Portugal, 07-10 July, 2014
Experimental Methods
-3 -on the processes governing scalar mixing in gas-phase turbulent flows, simultaneous velocity measurements are highly desired. The most common method for obtaining velocity measurements in turbulent flows is through particle imaging velocimetry (PIV), which takes advantage of Mie scattering from tracer particles that track the movement of the flow. However, it is noted that the collected Mie scattering signal is at the same wavelength as the incident laser light, which would significantly interfere with resonant methods such as planar Rayleigh scattering as used previously for scalar measurements [Papageorge et al., 2013] . When utilizing PIV for velocity field measurements, a simultaneous scalar field measurement requires a technique that is not subject to interference from the PIV particle scattering; that is, there is no "crosstalk" from the PIV measurement onto the scalar detection channel. In order to optically separate the signal of the scalar measurement from the Mie scattering of the PIV tracer particles, planar laser induced fluorescence (PLIF) of a gas-phase tracer species is used for the scalar mixing measurements. As discussed below, the PLIF emission is spectrally separated from the wavelength of the exciting laser and thus scattering from the particles will not be detected. The experimental setup used to perform the simultaneous stereoscopic PIV and tracer PLIF measurements is shown in Figure 1 . In this work we consider turbulent axisymmetric jets issuing into a large low-speed co-flowing air stream. Specifically, the turbulent jet issues from a 7.75-mm-diamter tube into a 30 cm x 30 cm coflow operating at 0.3 m/s. The working jet fluid for this study is air seeded with acetone (C 3 H 6 O) vapor (scalar tracer) and oil droplets (tracer particles for SPIV). For reasons described below, the co-flow will be seeded with acetone vapor and oil droplets as well. For the PLIF measurements, a novel acetone seeding system was implemented consisting of an independent micro gear pump and air flow-meter for the jet and co-flow. The new seeding system provides the precise control needed to meet all design specifications and to minimize errors due to fluctuations in seed concentration, which is common with traditional "bubbler" systems. The PIV oil droplets are seeded into the air streams via two independent aerosol generators (LaVision). The incoming 532-nm (sPIV) and 266-nm (PLIF) laser beams are formed into separate sheets using independent 750-mm cylindrical lenses to allow for precise focal point alignment and overlap. The two laser sheets are then combined with a dichroic mirror and passed over the jet-co-flow assembly. The 266-nm and 532-nm laser sheets heights are approximately 16 mm and 10 mm, respectively at the center of the test section. As noted in Figure 1 , the particle scattering for the sPIV measurements is collected by two high-speed CMOS cameras oriented in a stereoscopic arrangement and the tracer PLIF signal is collected with a third high-speed CMOS camera aligned normal to the test section. In this work, the acetone vapor is excited by the 266-nm output of the high-energy pulse burst laser system (HEPBLS) at Ohio State as described below and the fluorescence emission is collected by a Phanton VR711 high-speed CMOS camera, labeled "jet-camera" in Figure 1 . The jet-camera is coupled with an 85-mm f/1.4 camera lens and 240-mm focal length acromat lens to maximize the collected signal with the desired magnification of 0.4. For the sPIV measurements, a diode-pumped solid-state (DPSS) laser system is used and the particle scattering is collected by a pair of Phantom V710 high-speed CMOS cameras, labeled "SPIV Cameras" in Figure 1 . The SPIV cameras are paired with AF Micro NIKKOR 200 mm macro camera lenses. With this lens at 1:1.4 magnification the pixel resolution was 28 um x 28 um with a field of view of 11mm x 25 mm at 10 kHz.
Previous High-Speed Scalar Imaging
Common commercial laser systems are available in two broad categories: (1) high-energy pulsed lasers (up to a few Joules per pulse) operating at low repetition rates (10-300 Hz) such as solid-state Q-switched Nd:YAG or gaseous excimer lasers and (2) high-repetition-rate (tens of kHz) diode-pumped solid-state (DPSS) lasers that offer lower output energies (but high average power) on the order of a few milliJoules per pulse. While the resolution of turbulent time scales in gas phase flows requires measurements at acquisition rates of >> 1 kHz, typical scalar measurements in gas-phase flows require high pulse energy, which has limited the majority of previous measurements to low acquisition rates. Exceptions include a few select techniques, which require lower pulse energies, such as OH-laser induced fluorescence (LIF) [Hassel & Linow, 2000] in flames. Common scalar measurement techniques (at low repetition rates) that produce "weak" signals, such as Rayleigh and Raman scattering are not generally possible with commercial highspeed systems with suitable collected signals or signal-to-noise ratios to facilitate high-fidelity measurements.
Relevant to the conserved scalar imaging presented in the current paper are the works of Gordon et al. and Sick and co-workers [Fajardo, Smith & Sick, 2009; Fajardo & Sick, 2009; Smith & Sick, 2005] who used tracer-LIF imaging in unsteady jets and non-reacting engine environments, respectively. In the work of Sick and co-workers, biacetyl (C 4 H 6 O 2 ) was used as a tracer for iso-octane in cold-firing engines and was excited by the 355-nm output of a DPSS Nd:YAG laser operating at 12 kHz. In the work of Gordon et al., acetone was seeded into an air jet, which was excited by the fourth-harmonic output of a Nd:YVO 4 at 266 nm operating at 9.5 kHz. However, it is noted that in both of these works, the low laser pulse energies in the UV (~1 mJ/pulse) afforded by the commercial laser systems requires unwanted experimental conditions. For example, the low pulse energies of the laser systems require that the LIF signals are collected with intensified CMOS cameras, which are known to significantly decrease the spatial resolution of the measurements [Gordon, Heeger & Dreizler, 2009] . In the work of Gordon et al. high acetone seed levels (~30% by volume) were used, which increases signal levels, but necessitates large laser absorption corrections (up to 25% were reported), which may prove very difficult under turbulent flow conditions with spatially-and temporally-varying concentrations.
High-Energy Pulse-Burst Laser System (HEPBLS)
The High-Energy Pulse-Burst Laser System (HEPBLS), at Ohio State University, shown schematically in Figure 2 , has been described previously in Refs. [Fuest et al., 2012] and [Papageorge et al., 2013] . This laser system seeks to bridge the gap between common low-repetition-rate, high-pulse energy lasers and highrepetition-rate, low-pulse energy DPSS lasers in order to enable traditional low-signal diagnostics such as Rayleigh/Raman scattering and PLIF imaging to be performed at kHz acquisition rates. Previously our group has successfully demonstrated high-speed planar Rayleigh scattering and 1D Raman scattering in jets and flames using the HEPBLS [Gabet et al., 2010; Papageorge et al., 2013; Patton et al., 2011] . The HEPBLS is a master oscillator power amplifier (MOPA) system that amplifies the output of a continuously-operating, narrow-linewidth (2.5 GHz), pulsed oscillator (PO) in a series of custom, longduration (25 ms), flashlamp-pumped Nd:YAG amplifier stages. The design incorporates a split of the pulse train into two legs before the final 3 stages of amplification leading to the capability of operating with two legs for multi-scalar diagnostics or the option of re-combining the two legs for one ultra-high-energy output. th International Symposium on Applications of Laser Techniques to Fluid Mechanics Lisbon, Portugal, 07-10 July, 2014
-5 -After amplification, the current HEPBLS has demonstrated a gain of greater than 10 5 corresponding to an output of 1.5 J/pulse per leg at 1064 nm. The 1064 nm output is doubled to 532 nm by a 12x12x20 mm 3 type-I LBO crystal to generate ~1 J/pulse per leg at 10 kHz. In the current work, the acetone tracer is excited by the fourth harmonic output of the HEPBLS at 266 nm, which is generated by passing the 532 nm HEPBLS output through a 12x12x2 mm 3 type I BBO crystal. In order to maximize beam quality, several steps are taken to minimize local non-uniformities in the fundamental and second harmonic output. The HEPBLS was designed with image relay optics such that the output is "imaged" from one amplifier stage to the output of the subsequent stage. In this manner, beam propagation and the associated thermal birefringence effects are minimized. This process has allowed the generation of high-quality 532-nm output as shown in the insert of Figure 2 . Figure 3 (a) displays a previously-reported 532-nm pulse trace, which displays burst uniformity and low pulse-to-pulse fluctuation over a 15-ms pulse burst. In this paper we present our preliminary results at long-duration, kHz-rate, 266-nm generation. An average of ~140 mJ/pulse at 266 nm has been generated from ~800 mJ/pulse at 532 nm at 10 kHz, representing a conversion efficiency of >17%. This average pulse energy represents a factor of more than 100 higher than previously-reported 266-nm output from commercial systems [Gordon, Heeger & Dreizler, 2009] and nearly a factor of 10 higher than a previously-reported result using a pulse burst laser [Miller et al., 2013] . In addition, it is noted that this level of pulse energy is comparable to what is used commonly at low repetition rates for acetone PLIF [Cai et al., 2011; Thurber & Hanson 2001 ]. An example time trace of a 266-nm pulse burst train from the current system is shown in Figure 3 (b). It is observed that the 266-nm pulse train is not as uniform as previously-reported 532-nm traces (i.e., Figure  3 (a)), displaying an apparent increase in pulse energy throughout the burst and higher pulse-to-pulse fluctuations. However, it should be noted that this is preliminary work, where no optimization of the 266-nm output has been performed. Fourth-harmonic generation is highly sensitive to 532-nm intensity and system temperature fluctuations; neither of these attributes have been examined in detail or controlled in the current work. Without 266-nm output optimization, the pulse train shown in Figure 3 (b) is quite satisfactory. Furthermore, it is noted that the current system master oscillator is scheduled to be replaced due to unsatisfactory pulse energy fluctuations. After an upcoming HEPBLS system rebuild and optimization, it is expected that the 266-nm pulse train uniformity will be greatly increased. Finally, it is noted that future work will be required to fully understand the effects of crystal thickness on 266 nm generation as well 266-nm pulse train uniformity. In the current work, we followed the protocol as prescribed by Wu et al. for highpower 266-nm generation, which led to the use of a thin 2-mm BBO crystal. We will examine the effects of thicker FHG crystals and multiple crystals in series, both in terms of increased conversion efficiency and stable 266-nm generation across long-duration bursts.
Planar Laser Induced Fluorescence (PLIF)
Planar Laser-Induced Fluorescence (PLIF) of acetone (seeded into both the jet and co-flow) will be used to determine the 2-D conserved scalar field. The PLIF signal is based on the excitation of tracer molecules (at 266 nm for this work) and the resulting fluorescence emission (at 380 -500 nm), which is proportional to the local instantaneous concentration of the tracer. The fluorescence signal, S f , can be represented as
where E is laser pulse energy, A opt is a parameter describing the optical efficiencies of collection hardware, n ace is number density of acetone, σ(T) is the absorption cross section, and φ(T,P,λ) is fluorescence quantum yield. For a non-reacting, isothermal, and isobaric flow, the PLIF signal will independent of cross section and quantum yield and depend solely on the local mole-fraction of acetone. When normalized by a reference signal, S ref , with known acetone mole fraction, X ace,ref , Eq (1) can be re-written as
All quantities on the right hand side of Eq (2) are either known or measured quantities. With the local mole fraction known the conserved scalar, ζ, can be determined by
where W ace is the molecular weight of acetone and W air is the molecular weight of air. The mixture fraction (ξ), which yields the state of mixing between the jet and the co-flowing stream, can then be extracted by normalizing ζ by ζ 0 , the mass fraction of acetone at the jet exit. From Eq (1) it is seen that as the concentration of acetone goes to zero so will the PLIF signal and consequently, the SNR of the measurement. To prevent near-zero SNR values at the periphery of the jet (small ξ values), the co-flow will be seeded with a small amount of acetone, with the exact jet-to-coflow ratio dependent on several optical system properties, most notably the available pulse energy. The sPIV measurements are performed using a commercial EdgeWave (IS80-2-LD) diode-pumped solidstate (DPSS) PIV laser. This laser system consists of two 40-W laser heads that are capable of operating at repetition rates up to 50 kHz and providing 2 mJ/pulse at 20 kHz. By using a dedicated sPIV laser system, the Δt and timing of the PIV pulses will be controllable, independent of the scalar measurement laser to ensure accurate representation of the velocity field. The PIV seed particles are low-volatility oil droplets with a mean diameter of 0.3 µm. The oil droplets are seeded into both the jet and co-flow streams to avoid vector biasing and to provide a measurable boundary condition. For standard 2D, 2-component PIV, a single camera is placed normal to the laser sheet allowing for the inference of the 2 in-plane velocity components. With this method, it is not possible to extract the out-ofplane velocity component and thus the full velocity field. For stereo PIV (2D 3-component), the two cameras are aligned at a predetermined angle with respect to the laser sheet such that all three velocity vector components and six of nine velocity gradient components can be derived. The added camera, in comparison to 2D 2-component PIV, in conjunction with the non-normal angle to the laser sheet allows for inference of out of plane motion. Since the cameras are placed at an angle to the laser sheet a Scheimpflug adapter is used to maintain focus of the camera on the laser sheet across the entire field of view. The collected PIV data is processed to velocity vector fields using LaVision Davis 8.2 sPIV software with a final window size of 16 x 16 pixels and a 50% overlap resulting in vector resolution and spacing of 448 µm and 224 µm respectively.
Stereoscopic Particle Image Velocimetry (SPIV)

Results and Discussion
The first experiment consisted of examining the acetone PLIF measurements in the jet-in-coflow configuration using a well-characterized Q-Switched, Nd:YAG laser system operating at 10 Hz. Although sPIV data was not collected during this stage, the DPSS laser was operated and the flow was fully seeded with oil droplets to account for any potential interference from the targeted simultaneous sPIV measurements. The 10-Hz PLIF measurements were performed using the same optical and high-speed imaging setup to act as a benchmark for the high-repetition rate imaging using the HEPBLS. In this manner, the accuracy of the measurements (in terms of optical collection and detector response) could be assessed independently of the complexity associated with the HEPBLS. An example single-shot image of the derived mixture fraction field using acetone PLIF and data reduction via Eqs. 1-3 is shown in Error! Reference source not found., where the jet was seeded with 4% acetone and the coflow was seeded with 0.5% acetone by volume. Using the low-speed system it was possible to determine low-order statistics including the mean and RMS. The 10-Hz measurements were performed using an 8-mm tall laser sheet with 60 mJ/pulse, which lead to a minimum shot-to-shot signal-to-noise (in the co-flow) of 45. Here the signal-to-noise is defined as local mean signal (in a constant region) divided by the RMS fluctuation of the signal in the same constant region. An estimate of the SNR (based on shot-noise-limited signal collection) in pure jet fluid is > 120. This system matches previous results utilizing Rayleigh scattering in the same jet-in-coflow design by Papageorge et al., which has been shown to align well with other published data. The results collected with the 10-Hz laser indicate that the imaging system and experimental apparatus are performing as expected and that the proposed experimental method is capable of producing quantitative scalar mixing measurements. After validating the scalar measurements using the 10-Hz laser system, 10-kHz measurements of the scalar and velocity fields were collected using the combination of the HEPBLS and DPSS lasers. Figure 6 vs the single image in Error! Reference source not found. (resulting from 10 Hz measurements) highlights the stark contrast in information available at the two repetition rates. The high-repetition-rate imaging clearly shows the strong dynamic nature of scalar mixing processes under turbulent conditions. For example, one can observe the temporal evolution of the strong mixing gradients such as the region highlighted in images 8-15 of Figure 6 . From the preliminary data collected at 10 kHz the minimum SNR for the scalar field is found to be 12 in the co-flow and estimated as 30 in the pure jet fluid. These SNR values are lower than the measurements performed at 10 Hz using the same imaging equipment. While the HEPBLS laser sheet was approximately 2 times larger in height as compared to the 10-Hz laser output, the increase in co-flow seeding level should offset the decrease in local laser intensity (as compared to the 10 Hz measurements) such that the expected signals are comparable and the SNR in the coflow would only decrease by approximately 15%. Upon examination, the collected signal levels are comparable between the two measurement campaigns, but HEPBLS 266-nm output was found to have an un-optimized spatial mode that made laser sheet intensity corrections less accurate over a large spatial domain than the 10 Hz measurements. This mode is most likely related to the current master oscillator which is scheduled to be replaced as mentioned previously. there is a region in the velocity field of converging vectors pointing up and to the right, which is also seen to convect downstream from image 1 to 2. In this region the scalar field develops a strong gradient, which correlates very well with the action of the velocity field. The observations made here, while not quantitative, are indicative of the ability to examine the coupled dynamics between the turbulent velocity field and the conserved scalar field. 
Conclusions and Future Work
The preliminary results here show significant promise for the simultaneous PLIF/sPIV system at Ohio State University. Although 266-nm pulse energies as high as 140 mJ/pulse have been generated, the example images shown in this paper were collected with only 70 mJ/pulse. By increasing the pulse energy to its current maximum it is not unreasonable to expect an increase of ~2 in the signal of the high-speed measurements. Furthermore, in an effort to avoid absorption effects and corrections, low seed levels of acetone were used for both the jet and co-flow. The seed level of each could be increased by a factor of two before reaching common jet and co-flow seed levels found within the literature. With added acetone seed concentration it is not unreasonable to expect an increase in signal by an additional factor of two. With these two changes to the experimental setup one could expect an increase in the minimum signal-to-noise by a factor of two. Finally, it is noted that an improved 266-nm beam profile will result from the installation of a new HEPBLS master oscillator. The benefits of this change on the acetone PLIF SNR are unknown, but it is expected that the laser mode will be similar to that of previous HEPBLS measurements used for planar Rayleigh scattering measurements which resulted in SNR values > 200 in the jet core. In this manner, we can expect an additional increase in SNR of a factor of two leading to a minimum SNR value of 50 or more and a maximum SNR exceeding 200 in the PLIF measurements. Finally, the authors intend to examine the dependence of FHG on the thickness of the BBO crystal. It may be possible to generate even more pulse energy or utilize lower power settings to attain the same pulse energy with sufficiently enhance pulsed stability over long burst durations. Following system optimization, the simultaneous 3-component velocity and 2-D conserved scalar imaging will provide the necessary data (both visualization and spatio-temporal statistics) to study the complex interaction between the velocity and scalar fields. In addition to an increased understanding of the underlying physics, new spatially-and temporally-resolved data will provide new, detailed information for assessing and validating turbulence models.
